Infrared-laser-induced
unimolecular reactions

The absorption of 30 or more infrared photons can raise a molecule
into a highly excited vibrational state, leading to some intriguing problems
in physical chemistry, quantum elecironics and statistical mechanics.

Nicolaas Bloembergen and Eli Yablonovitch

Photochemistry, which deals with the way
in which chemical reactions are induced
or altered by the presence of photons, has
been a very active branch of science for
many years. Although vigible and ultra-
violet photons, by giving rise to excited
electronic states, have the most pro-
nounced effects, much attention in recent
years has gone to infrared photochemis-
try. Molecules irradiated with a powerful
electromagnetic wave in the infrared re-
main in the electronic ground state (in the
Born-Oppenheimer sense), but their vi-
brational modes may become highly ex-
cited. As aresult, infrared-laser radiation
often profoundly affects chemical reaction
rates.

Several reviews of this topic have ap-
peared recently.l:? In this article we will
restrict the subject further by the condi-
tion that the molecule absorbing the in-
frared radiation undergoes no collisions
of any kind. Therefore our “universe”
will be restricted to one single molecule
and a large bath of infrared photons,
supplied by one or more monochromatic
lasers. This limited physical system is
suitable for the study of intriguing ques-
tions in statistical mechanics, quantum
electronics and physical chemistry.

Laser chemistry

It has been firmly established during
the past few years that many polyatomic
molecules can absorb sufficient energy
from an intense infrared laser pulse that
a true unimolecular reaction takes place.
Because a chemical activation energy is
typically about 3 eV and the infrared
photon for the CO,-laser wavelength near
10 microns is about 0.1 eV, the molecule
is absorbing 30 or more photons.

Figure 1 illustrates the most studied
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unimolecular reaction induced by infrared
radiation, the dissociation of SFg; this
molecule is becoming the “hydrogen
atom” for multiphoton chemistry and
vibrational spectroscopy. The table on
page 26 presents an incomplete list of the
manv polyatomic molecules that exhibit
infrared-induced unimolecular reactions.
The list is being augmented with each
passing day. Large organic molecules are
particularly favorable candidates for
unimolecular ir photochemistry.

The interest in the field was greatly
enhanced by the discovery of R. V. Am-
bartsumian and Vladilen Letokhov that
the laser-induced dissociation reaction is
isotope selective.® This, of course, has
whetted the appetite of photochemists.
They are excited by possible applications
in the dissociation, cleavage, isomeriza-
tion and synthesis of complex molecules,
let alone the question of isotope selectiv-
ity. They are also led to the hope for
bond-selective chemistry. Consider, for
example, the halogen-substituted meth-
ane molecule CHFCIBr. With an in-
frared wavelength exciting the C-H vi-
bration they might hope to eject the H
atom and obtain the CFCIBr radical; with
infrared wavelengths corresponding to the
C-F, C-Cl and C-Br bonds, the other
three respective dissociation channels
might be activated. However, the reali-
zation of such dreams has proven more
difficult than expected; we will discuss the
reasons for this below.

From the physicist’s point of view the
system of one isolated molecule and a
bath of monochromatic infrared photons
is an intriguing one. What type of non-
linear optical effect could be responsible
for the absorption of 30 or more infrared
quanta? Does the energy remain in one
mode, or will it be transferred to and
shared with other modes? If so, will the
distribution be statistical, and could the
molecular behavior be ergodic—and on
what time scale?
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That these questions are nontrivial can
be seen from the fact that a collisionless
polyatomic molecule has only a few de-
grees of freedom, hardly the size of the
systems to which statistical mechanics is
usually applied. Nevertheless, we shall
find below that statistical theory may give
a good description of molecular behavior.
How few degrees of freedom may a mole-
cule have and still be capable of a statis-
tical description? Will the dividing line
occur for tri-atomics or quadra-atomics?
This paper discusses these questions, but
it remains for future work to provide
definitive answers.

Experimental methods and results

Before the advent of powerful infrared
lasers, highly excited vibrational states
could only be reached by thermal-equi-
librium heating, by chemical activation or
by electronic excitation. With short
COq-laser pulses from TEA lasers, we can
now excite individual molecules in a time
that is short compared to any collision
time. .

Figure 2 shows the frequency depen-
dence of the dissociation probability as
determined by Ambartsumian and Leto-
khov.! The isotope selectivity follows
immediately from the 17 em™~! shift in the
infrared spectrum due to the mass dif-
ference between S32Fg and S34F¢.

A key parameter of the multiphoton
excitation process is the mean number of
photons absorbed per molecule, (n).
This quantity may be deduced from the
direct attenuation of the laser beam* or by
the heat deposition, as determined with
an acoustic calorimeter.® If the excitation
is strong enough, a fraction of the mole-
cules may gain sufficient energy for dis-
sociation. The reaction products may be
analyzed by infrared spectroscopy, gas
chromatography or mass spectroscopy.

The reaction yield is a rough measure
of the tail of the molecular energy distri-
bution, the fraction of molecules with
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Dissociation of sulfur hexafluoride by absorption of infrared radiation in the »; vibrational mode,
in which the positively charged sulfur atom moves with respect to the octahedron of the negatively

charged F atoms. The structure of SFs is schematic.

sufficient energy for dissociation. Figure
3 plots the reaction yield versus the mean
excitation (n). Because (n) corresponds
to the “center of gravity” of the popula-
tion distribution over energy, this figure
is probably the best available experi-
mental measure for the shape of the en-
ergy distribution function. It compares
the experimental points for two pulse
durations with the theoretical curve cal-
culated for a thermal distribution.
Collisionless dissociation occurs most
convincingly at the intersection of a mo-
lecular beam with the laser beam:® it is
also firmly established by experiments
with very short pulses in cells at low

Figure 1

pressure.” Alternatively, the reaction
products may be probed, with good time
resolution, by resonance fluorescence
excitation by a frequency-doubled dye
laser.® Figure 4, obtained by this tech-
nique, shows the population distribution
over internal vibrational energy of the CF»
fragments produced in the dissociation of
CF4Cls.

Some of the other important experi-
mental methods for studying these mul-
tiphoton reactions are:

p Ultraviolet and visible luminescence
from electronically excited radicals
created in the unimolecular reaction.?

p Infrared luminescence from bimolec-
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Laser isotope separation, based on the frequency dependence of the multiphoton dissociation
of $32Fg and $34F¢ by a CO,-laser pulse. Curve a shows the variation of enrichment coefficients
K(32/34) and K{34/32) as points @ and A respectively. Curves b show (in color) the dissociation
probability for the two isotopes and for comparison (in black) the respective linear absorption spectra.

(After R. V. Ambartsumian and V. S. Letokhov, reference 1.)
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Figure 2

ular reaction products of dissociation
fragments with buffer-gas molecules.1?
p Center-of-mass distribution of the ki-
netic energy of fragments created by dis-
sociation in a molecular beam.?-11

p Intramolecular isotopic branching
ratio.l?

These reactions also may be studied
with double or multiple frequencies, and
as a function of such parameters as laser
frequency, laser intensity, pulse duration,
gas pressure and delay time between
pulses. Rather than compile and criti-
cally review this large body of experi-
mental results here, we shall discuss the
theoretical concepts that are consistent
with the dominant experimental features
of collisionless dissociation induced by
infrared radiation.

The quasicontinuum

A diatomic molecule may be excited
from the ground state to its first vibra-
tional level by a resonant infrared photon.
In general, the vibrational anharmonicity
will necessitate a lower frequency for the
absorption of a second photon, a still
lower one for the third photon, and so on.
To reach a level, » = 30, corresponding to
a typical dissociation energy, 29 different
frequencies therefore appear to be re-
quired. While available evidence
suggests that indeed many selected in-
frared frequencies would be necessary to
dissociate such a diatomic molecule, the
situation in polyatomic molecules is
qualitatively different.

One way to approach the problem of
the polyatomic molecule is to imagine
making an exact solution of the time-
dependent Schridinger equation for it.
The initial condition would simply be the
room-temperature canonical ensemble: a
distribution of angular-momentum
quantum numbers, internal vibrational
energies and center-of-mass velocities. A
solution of the time-dependent Schro-
dinger equation would require a knowl-
edge of the energy, matrix elements, se-
lection rules and exact wave function for
each level up to the dissociation en-
ergy—an all-but-impossible task. Ac-
count would have to be taken of the oc-
tahedral splittings,'® rotational energy
changes and Coriolis coupling, which tend
to compensate the anharmonicity.!-214

Fortunately, a simplification occurs. A
schematic picture of the energy levels is
shown in part a of figure 5. Each of the
levels represents a specific vibrational—
rotational state in the ground electronic
manifold. The most important feature is
the existence of several vibrational de-
grees of freedom.

In polyatomic molecules the density of
states grows rapidly with energy E, due to
the rapid expansion in the volume of ac-
cessible phase space. The number of
possible permutations and combinations
of vibrational modes increases rapidly
with available energy.

The key point is that at a sufficiently
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high density of states the “Golden Rule,”
as Enrico Fermi called it, becomes valid.
In it the transitions are described in terms
of constant rates, and the full Schrodinger
equation reduces to a set of rate equa-
tions. This criterion determines the en-
ergy region we call the quasicontinuum to
distinguish it from the discrete levels,
where the full machinery of the Schré-
dinger equation is required. The two
regions are labelled in figure 5 (part a).
The quasicontinuum has now become
accessible to investigation by infrared
laser spectroscopy.

The basic condition for the validity of
the Golden Rule is that the transition rate
should be neither too fast nor too slow:

[he(E)] ™1 « transitionrate << Ty~ 1 (1)

where o(E) is the density of available
states and A/T's is the width of the distri-
bution of oscillator strength. When o(E)
is large enough, a rate-equation descrip-
tion is possible. This conclusion is espe-
cially useful in large polyatomics, where
the thermal energy at room temperature
is sufficient to boost most of the molecules
into the quasicontinuum. In that in-
stance, from the initial condition onward,
we may use a rate-equation descrip-
tion!5:
dWw,

Eﬂ’ = KnaIWn—l = KneIWn-i‘l

T {}'<»':+1a + Kn—le)IWn = Kndisswn (2)

where W, is the probability of being in
that group of stationary states nhw above
the starting level, K,,® and K,,® are ab-
sorption and stimulated-emission coeffi-
cients into that group, and K,%ss is the
reaction rate, which differs from zero only
for those states above the activation en-
ergy. Because the rates, except for K, 4iss,
are all proportional to the light intensity
I, it may be divided from the right-hand
side of equation 2 to show explicitly'® that
the temporal evolution depends only on
intensity X time = energy fluence
(Joules/em?2). This remarkable conclu-
sion is confirmed by data of Paul Kolod-
ner and his co-workers on the fractional
dissociation of SFg as a function of pulse
duration.” The laser energy is held fixed
as the peak power increases by a factor
200. The fraction dissociated increases
only 30%, showing that it is almost inde-
pendent of peak power. The reaction
yields in infrared multiphoton dissocia-
tion depend very strongly on energy
fluence but only weakly on peak power.
When a significant number of mole-
cules have energy in excess of the chemi-
cal activation energy, the reaction rates on
the right side of equation 2 becomes im-
portant. Even when a molecule has
enough energy to react, it will not do so
immediately. Only a small fraction of the
available volume of the phase space leads
to immediate chemical reaction—the
molecule must wander through phase
space for some time before encountering
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excitation per pulse, (n) Aiw. This graph gives information relating to the shape of the energy-
distribution function for multiple photon absorption. The experimental points for two pulse durations,
100 nanosec and 500 picosec, are compared with a theoretical curve based on the assumption

of a thermal equilibrium distribution of the same energy.

that small region. This is the essence of
the RRKM (Rice-Ramsperger—Kassel-
Marcus) theory of chemical reactions.}”
The reaction rate is given by the fractional
volume of phase space multiplied by a
typical vibrational frequency wy. In the
simplest version, the Kassel model, the
reaction rate is given by

nlln—m+N-—1)!
O — )N —1)!

where m is the minimum number of ab-
sorbed photons required for chemical re-
action and N is the number of normal
modes. The factorial coefficient esti-
mates the fractional volume of phase
space leading to immediate reaction.
Typically, m = 30 and excess energy n —
m = 10 leads to reaction within 107 sec.
The excess kinetic energy of the reaction
fragments has been measured,® by Yuen
Lee and Ron Shen and shown to be con-
sistent with the RRKM theory.

Before leaving this aspect, notice that
n is not the quantum number of the
driven normal mode, for example the vg
mode in SFg. While the quantum states
in the discrete region tend to be readily
identifiable in terms of specific normal
modes of the molecule, each individual
state of the quasicontinuum is generally
a superposition of all the modes. An up
transition in n could mean either an up or
down transition in r3, depending on the
individual states involved.

The intramolecular heat bath

The simplified picture implicit in
equation 2 suggests that a quantum-
mechanical basis set different from the
energy eigenstates of the exact vibrational
Hamiltonian might be appropriate. It is
clear from the experimental observations
that the energy originally fed into the 3

Figure 3

mode is at least partially distributed to
other modes.

If we start with a very large molecule,
we find a situation basically similar to
that of spin relaxation in magnetic-reso-
nance experiments. The radiation feeds
energy into a transition between two
(spin) energy levels, and a transfer to the
continuum of energy levels of the lattice
takes place with a characteristic relaxa-
tion rate T'y.
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The fraction of CF, photofragments P(E,)
formed initially with vibrational energy E, in the
v bending mode from dissociating CF-Cl,. The
pulses came from a CO, TEA laser operated at
the frequency of the vg rocking motion on
CF,Cl,. The data points agree with the Planck
distribution function for a vibrational temperature
of 1050 K, shown by the straight line. (After D.
S. King, J. C. Stephenson, ref. 8.)  Figure 4
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Single out the vibrational transition at
resonance and consider all other modes as
the lattice or heat bath; this is certainly
permissible in a large molecule at room
temperature. The anharmonic coupling
between the selected mode and all others
provides a relaxation mechanism. It is
perfectly feasible to heat a lattice by
means of electronic paramagnetic reso-
nance. Similarly, a large molecule may be
heated by absorption on one infrared-
active vibration. As the molecule heats
up, the resonance frequency shifts and the
relaxation time becomes shorter, just as
an epr line may shift and broaden with
increasing temperature. This description
is consistent with the data of figure 6,
showing the measured absorption spec-
trum of SFg that has been boosted into
the quasicontinuum of energy levels by
thermal heating in a shock tube.!® (For
example, at 1000 K, SFg has thermal vi-
brational energy equivalent to 8000 cm™1,

high enough to put it into the quasicon-
tinuum.)

It may seem surprising that the rather
sharp resonance of figure 6 would occur in
an energy region we have been calling the
quasicontinuum. The energy levels of the
exact Hamiltonian are indeed closely
spaced. Nevertheless, the oscillator
strength for transitions from any given
level of the quasicontinuum is not uni-
formly distributed, but tends to cluster
near the frequencies of the normal modes.
Since the r3 absorption band does remain
reasonably narrow, the quasicontinuum
transitions do indeed contribute to the
isotopic selectivity.

Away from the v3 frequency of SFg, the
absorption cross section falls off, but not
to zero. The many combination and
overtone bands produce a weak overlap-
ping background absorption over broad
regions of the infrared. The heating of
the molecule makes available new com-

binations, further increasing the back-
ground absorption cross section, which is
generally above 10~20 ¢cm2.  This explains
the results of two-frequency irradiation
experiments!® in which a heating pulse
could be detuned from the main absorp-
tion line and still produce multiphoton
excitation. At a cross section of 10720 ¢m?
an energy fluence of 100 J/cm?2 is more
than sufficient to generate a chemical
reaction. This also explains why the
primary dissociation fragments® are able
to absorb more energy and undergo fur-
ther fragmentation.

The internal molecular degrees of
freedom are divided into two groups, the
system and the heat bath. The driven,
infrared-active, vibrational mode should
be regarded as the system, with Hamil-
tonian H.(x) and wave functions y,(x).
The other N — 1 vibrational modes should
be regarded as the heat bath, with Ham-
iltonian Hy(vy,ys, ... yn—1) and wave

Unimolecular reactions induced by infrared multiphoton excitation
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functions ¢4,. The system and heat bath
are coupled by anharmonic terms in the
molecular potential described by V(x,y1,
...¥n-1)- The total vibrational Hamil-
tonian is:

H=Hy(x) + V(x,y1,...¥yn-1)
+ Hp(y1,...yn-1) (3)

where x and the y’s represent the phase-
space coordinates of the system and the
heat bath, respectively.

The new basis set consists of product
wave functions of the form Yy The
density-matrix equation of motion re-
duces to:

dps

i
E = E [Hs;ﬁ’sl

— % [u€,ps] + damping terms  (4)

where p, is the system density matrix and
the “damping terms” refer to the T'y- and
T's-type relaxation rates, which are fa-
miliar from nuclear magnetic relaxation
theory. A T;-type relaxation process is
indicated in figure 5, part b. The driving
Hamiltonian is the product of the di-
pole-moment operator p and the laser
field é. The conditions for the validity of
equation 4 are similar to those for equa-
tion 2:
1 1 1 1

—— e e T e T

hMD«ﬂ'H«n (5)
where op(E) is the heat-bath density of
states and 7, is the autocorrelation time
of the fluctuating anharmonic potential,
which is typically about one vibrational
period. The anharmonic potential V
determines T'; and T's, and for 7. <« T3 the
broadening is homogeneous. In nonrigid
molecules, where slow internal motions
are possible, 7. could be much longer and
the intramolecular damping could be
partially inhomogeneous.

Intramolecular damping

Inhomogeneous contributions to the
lineshape in addition to the intramolec-
ular broadening are those from Doppler
broadening, rotational structure and hot
bands. Notice that these three inhomo-
geneous broadening mechanisms are as-
sociated with momentum, angular mo-
mentum and internal energy. respec-
tively—the three conserved parameters
of isolated systems. For Ai=1|ué| «< To7l,
the off-diagonal elements are small due to
rapid dephasing, and the operator equa-
tion may be reduced to a set of rate
equations for the populations:
dWy

?= [S(T(Ws_]_ = Ws) ] (S + 1)0’

X (W1 — W) h—{; + damping (6)
where ¢ is the absorption cross section
and Aw is the infrared quantum. Al-
though equation 6 resembles equation 2,
the interpretation is different. The index
s represents the quantum number of the

True continuum

Quasicontinuum

Discrete levels

—— N(E)

vy levels Heat-bath states

s

The true quantum states of the exact vibrational Hamiltonian. Diagram a shows the three regimes
of vibrational excitation: discrete levels, quasicontinuum and true continuum. The initial popu-
lation-distribution function ME) is the product of the vibrational density of states o (E) and the
room-temperature Boltzmann factor. In the intramolecular-heat-bath picture, b, the energy levels
of the infrared-active 3 mode are shown separately from the energy levels of the remaining modes,
which form a quasicontinuous heat bath. Anharmonic coupling terms cause phase-fluctuation
damping (with time constant T,) and lifetime broadening ( T;) of the 5 mode. An energy relaxation

process of the T, type is shown in black.

mode being driven, while n represents the
total number of quanta in the molecule as
a whole. For large molecules at suffi-
ciently high temperature, most of the
transitions take place between s = 0 and
1. This is because the energy is rapidly
leaking out of the driven mode into the
heat bath.

If the molecule is initially at absolute
zero of temperature—that is, if there is no
vibrational excitation—the concept of the
heat bath is not valid for a one-photon
transition. The molecule then must first
undergo a multiphoton transition to a
highly excited state with a sufficient ad-
mixture of other mode functions.

The SFg molecule at room temperature
represents a borderline case. The dis-
crete level transitions saturate, but for
increasing intensity |&|2, multiphoton
transitions to higher vibrational levels
take place. Nature finds a ladder of
nearly equally spaced energy levels with
sufficient strength of connecting matrix
elements to a level of excitation where
conditions 1 or 5 are met. Thus the dis-
crete levels represent a possible bottle-
neck, which becomes less important the
higher the initial thermal excitation and
the higher the laser intensity.

The subsequent vibrational heating of
the molecule often causes a drop in the
absorption cross section. Figure 6 shows
that for SFg this is due to a shift and
broadening of the v3 absorption band in

Figure 5
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thermal ensemble of SFg. At 1000 K the mol-
ecule is boosted into the quasicontinuum, but the
v3 absorption feature remains well defined. The
surprising sharpness of the resonance is due 1o
the nonuniform distribution of oscillator
strengths. Not shown is the background ao-
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Shock-tube absorption data (in color) are compared with the absorption cross section derived from
CO,-laser heating with 500-picosecond pulses as a function of vibrational excitation (black line);

both are at 944 cm™'. The two heating methods give similar results.

the quasicontinuum-—as opposed to a
true saturation effect, which would occur

between isolated levels in discrete regions.

By employing a 500-picosec laser pulse of
high peak power, the molecule may be
boosted directly into the quasicontinuum,
avoiding the saturation and bottlenecking
effects in the discrete levels. Thus, the
quasicontinuum absorption cross section
should be similar for both laser-heated
and shock-heated SFg. The comparison,
made in figure 7, shows good agreement
in the temperature range above 1000 K.

In general, rate equations 2 or 6 can be
solved numerically.!®> For the case of
constant cross section there exists an an-
alytical solution—simply a Planck dis-
tribution.20 If the T relaxation rate to
the heat bath is faster than the rate of
heating, the heat bath will come into
thermal equilibrium with the driven
mode. The molecule as a whole will have
a canonical thermal distribution, which
tends, of course, to be peaked at a rela-
tively well defined energy.

If the cross section decreases as the
bath heats up, the population distribution
will tend to pile up at higher energies and
be somewhat narrower than thermal.!®
In a realistic estimate of the population
distribution, however, the effects of the
discrete level barrier for entering the
quasicontinuum must be accounted for.
Inhomogeneous effects in the discrete
level region tend to slow the energy de-
position and smear out the population
distribution.

As discussed earlier, a plot of reaction
yield versus (n) is probably our best ex-
perimental measure of the shape of the
population distribution. Figure 3 com-
pares the experimental results with a
thermal model. A 100-nanosec COglaser
pulse produces a significant yield even
when the mean number of photons ab-
sorbed (n ) is relatively low. The distri-
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Figure 7

bution therefore tends to have a long
high-energy tail and be broader than
thermal. The distribution produced by
a 500-picosec pulse, on the other hand,
tends to be much closer to thermal, be-
cause the discrete level barrier plays a
smaller role.

Another theoretical approach to the
multiphoton chemistry problem is to treat
the motion of the atoms in a purely clas-
sical manner, by making assumptions
about the internuclear potential surface
and effective charges as a function of in-
ternuclear distances. A Monte-Carlo
type of calculation for various initial
conditions of nuclear positions and ve-
locities yields the required distributions
and dissociation rates.?!

Ergodicity

Chemists dream of being able to heat
one part of a molecule while leaving the
rest of the molecule relatively cold. Then
a unimolecular reaction could be pro-
duced via a channel different from the
thermodynamically favored one. Such a
process was described above for the model
molecule CHFCIBr. In principle, this
process would be possible if the rate of
heating of a given vibrational mode could
exceed 1/7'1, the rate of relaxation to the
rest of the molecule. This might be called
mode-selective or bond-selective heating.
In this situation, T'; can be thought of as
the time required to establish ergodi-
city.

Much fundamental work in statistical
mechanics has concentrated on estab-
lishing the criteria under which ergodicity
holds. (Inequality 5 is not such a condi-
tion; it merely determines whether the
damping may be regarded as occurring at
a constant rate, but it does not say
whether the final steady state will be er-
godic.) Perhaps the theoretical emphasis
should shift to concentrate more effort on

1/T4, the rate at which the equilibrium
condition is approached.

Very little is known about the time
constant T';. Numerical classical-tra-
jectory calculations®! appear to show that
T'1 can be less than 1 picosec. On the
experimental side, there is also very little
information. In an ingenious set of
chemical-kinetics experiments, the in-
tramolecular relaxation time was mea-
sured?? indirectly, by varying a buffer-gas
pressure. For the cases studied the upper
limit was estimated to be on the order of
picoseconds.

In another approach, the excitation of
the infrared-active v4 mode by multi-
photon pumping of SFg in the »3 line was
detected?? by means of a weak ir fluores-
cence in the v4 band of frequencies. Due
to the technological constraints it was
only possible to establish an upper limit
of 1 microsec on the time required to
transfer energy into the »4 mode. :

In an important experiment J. P. Maier
and collaborators®* employed picosecond
infrared pulses to probe the redistribution
of energy within the huge coumarin-6
molecule. They placed an upper limit of
4 psec on the T'; lifetime of the molecule
in the vapor phase at 305°C. It would be
especially interesting to repeat this type
of experiment in a smaller molecule with
less thermal energy. Because a knowl-
edge of T under a variety of different
conditions is essential for mode-selective
chemistry, more quantitative answers will
likely be forthcoming in the next few
years. ]

Related questions are addressed by
overtone spectroscopy in polyatomic
molecules, where high vibrational levels
are excited by means of a very weak sin-
gle-photon absorption rather than mul-
tiphoton absorption. Figure 8 shows the
spectrum of the fifth overtone band of the
C-H stretch in benzene in the gas phase,2
as obtained by a laser-acoustic technique,
which is also illustrated by the photo-
graph on the cover of this issue of PHYS-
ICS TODAY.

To find such a sharp structure in the
quasicontinuum should be no surprise to
us by now. This has been understood by
chemists in terms of a local-mode pie-
ture,26 which is somewhat analogous to
the heat-bath approach we have been
using.

For the conditions of excitation in fig-
ure 8, the Doppler, rotational and hot-
band broadening effects are negligible,
and the broadening must arise mainly
from the intramolecular anharmonic po-
tential V. At present, the relative con-
tributions of T lifetime broadening and
T's phase fluctuation broadening are un-
known. The fifth overtone is a rather
precise Lorentzian, while the fourth
overtone has some substructure.?® It is
still too early to interpret this in terms of
the onset of ergodicity at a definite energy
level.

The infrared lineshapes in large poly-



atomic molecules are an interesting
problem in their own right. These line
profiles are usually observed in the liquid
phase, in which strong solvent interac-
tions obviously contribute to the line-
shape. But the lines have similar broad
shapes in the gas phase, as shown by fig-
ures 6 and 8. Until now only the three
inhomogeneous effects, Doppler, rota-
tional and hot-band broadening, were
held responsible. The significance of
fluctuations in the intramolecular an-
harmonic potential V for line broadening
is now beginning to be recognized. Fu-
ture developments will be quite fasci-
nating as we learn to distinguish T’ life-
time effects, T's phase-fluctuation effects,
and in nonrigid molecules the effects of
slow fluctuations.

Opportunities in chemical physics

We have already alluded to the poten-
tial applicability of infrared multiphoton
chemistry in producing mode-selective
chemical reactions. The pumping rate
must be made high enough to compete
with T;. In addition, the rise time of the
pulse must be short enough to prevent a
premature nonselective reaction.?” With
T, as short as it is, these conditions will be
difficult to achieve. The 30-picosec COy
laser pulses produced by optical free-
induction decay?® will probably play a
role.

Mode-selective nonstatistical heating
is only one possible application, but it
may be difficult to achieve. A number of
other unique attributes of multiphoton-
induced chemistry present themselves,
even under ergodic conditions:

» Multiphoton heating can be ultrafast,
leading to a higher temperature than can
be achieved otherwise. This would per-
mit a high-energy reaction channel to
compete more effectively with a low-
energy channel. The relative yields of the
different reaction products could be
controlled in this way.

» Infrared multiphoton heating is colli-
sionless, so unimolecular reaction chan-
nels can be made to compete more effec-
tively with bimolecular or collisional
channels.

» Most important, ir laser heating can
operate on one component of a mixture,
leaving the other components cold.

The latter, of course, is the essence of
the isotope-separation capability, but it
has exciting chemical applications as well.
For example, consider two sides, A and B,
of a chemical reaction:

A=B

By heating one of the components of A, it
is possible to shift the equilibrium to the
right, and vice versa for B. This might be
rather useful in organic synthesis. Very
frequently the challenge to the synthetic
chemist is not in creating a molecule of a
given formula, which is relatively easy,
but in producing that molecule in a de-
sired structure or isomer, which can be
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The fifth-overtone absorption spectrum of the C-H stretching mode in benzene vapor. The linewidth
is associated with intramolecular energy relaxation (T,) and dephasing effects (T5); the experiment

is depicted on the cover.

much more difficult. The two isomers A
and B will have rather different ir spectra.
Irradiation at a wavelength at which the
difference in absorption cross seétion is
large can convert the molecules to the
desired isomer.

There are many other ways to exploit
the remarkable capability of heating one
component of a mixture.

p Ultrapurification should be possible by
selectively causing the undesired mole-
cules to react.?®

» A high density of ground- or excited-
state radicals can be generated by infrared
photochemistry and employed as re-
agents.

» The laser can produce homogeneous
catalysts, enhancing the speed of subse-
quent collisional reaction steps in a mix-
ture.

One of the problems of infrared multi-
photon heating is that is has been re-
stricted mostly to the gas phase, although
much interesting biological chemistry
occurs in solution. The main hindering
influence of the solvent is the strong re-
laxation, which tends to damp out the
excitation and conduct away the heat.
Again, ultrashort laser pulses should be
able to overcome this effect and open the
liguid phase to the prospect of ir photo-
chemistry.

Challenges ahead

The infrared multiphoton excitation
process will provide problems and op-
portunities for some time to come. Inthis
review we have attempted to organize a
conceptual framework upon which a
quantitative understanding can be built.
For example, at the present time the
contributions of the various line-broad-
ening mechanisms are unknown, even for
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(After R. G. Bray, M. J. Berry, ref. 25.)

Figure 8

SFg, the most studied case. Different,
types of molecular systems clearly will
have to be studied in their own right; this
will represent an important opportunity
for specialists in nonlinear spectroscopy.
The direct measurement of reliable T
relaxation times is an important challenge
to picosecond spectroscopists.

The area of chemical applications is
wide open and being pursued by many
different groups. The results are still
somewhat confusing, and it may take a
while before we can make intelligent use
of the tools that have become available.

In the area of fundamental statistical
mechanics, the rate of approach toward
ergodic behavior may turn out to be a
more interesting question than whether
true ergodicity is ultimately achieved.
Theoretical calculations of T'; in different
situations would be very welcome. It will
be interesting to learn whether an isolated
triatomic molecule still falls within the
realm of statistical theory!

* * *

The authors acknowledge receipt of a preprint
of reference 2.
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